We study the components of cool and warm/hot gas in the circumgalactic medium (CGM) of simulated galaxies and address the relative production of OVI by photoionization versus collisional ionization, as a function of halo mass, redshift, and distance from the galaxy halo center. This is done utilizing two different suites of zoom-in hydrocosmological simulations, VELA and NIHAO, which yield consistent results despite the different codes and different physical recipes for star formation and feedback.
INTRODUCTION
Gas in the circumgalactic medium (CGM) is a key ingredient in galaxy evolution. Gas from the intergalactic medium (IGM) streams into the centers of DM halos and feeds star formation. Stellar feedback produces metallicityenhanced warm/hot gas (10 4.5 K<T<10 6.5 K) that outflows to the CGM. Theory and simulations agree that halos E-mail: sroca01@ucm.es with M>M crit ∼ 3 × 10 11 M develop a warm/hot CGM through both shock heating at ∼R v and outflows from the disk. In these systems cold gas in narrow inflowing streams can penetrate through warm/hot CGM only at z > 2. In low mass halos (M<M crit ), however, the CGM is always dominated by cold (T<10 3.8 K) and cool gas (10 3.8 K<T<10 4.5 K) (Birnboim & Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006; Keres 2008; Correa et al. 2017) . This implies that halos of mass ∼10 12 and above should have a significant fraction of their baryons in a warm-hot CGM, which may serve as a gas reservoir for star formation at later times (Faerman et al. 2017) . The understanding of the formation, evolution and properties of the CGM is thus mandatory for the study of the evolution of galaxies.
Even if massive, this warm/hot gas component is difficult to detect as its density is low and its emission diffuse. In addition, most of the radiation is at high energies, in the UV and X-ray ranges, which are hard to observe (e.g., Crain et al. 2010) . The most common technique used to study the diffuse CGM corona is to look for absorption lines in background bright sources (e.g., QSO). This technique requires an alignment between the studied galaxy and the background source. Low temperature and high density gas is observed through lines from gas in lower ionization states or from Lyman Limit Systems (LLS) and Damped LymanAlpha systems (DLAs). Warm/hot diffuse gas can only be studied by observations of lines from highly ionized metals. Each observation gives only a single measurement of CGM properties thus a large number of observations are required to get a general picture of the CGM surrounding galaxies. Most of the useful absorption lines for CGM analysis fall in the UV range; as a consequence, it is easier to study properties of the CGM in high-redshift galaxies where the rest-frame UV absorption lines have been redshifted to the optical range (e.g., Cowie & Songalia 1995; Steidel et al. 2010; Rudie et al. 2013; Lehner et al. 2014) . This is the case for OVI lines that for low redshift galaxies (z<2.0) fall in the UV spectral range. The most relevant observations in low-redshift CGMs have utilized the Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope (HST) (e.g., Thom & Chen 2008; Prochaska et al. 2011) . In particular, the COS-Halos project provides measurements of highly ionized atoms, including OVI, for the CGMs of a large sample of ∼L * galaxies (Tumlinson et al. 2013 ). COS-GTO (Danforth et al. 2010 (Danforth et al. , 2011 (Danforth et al. , 2016 Stocke et al. 2013) , COS-Dwarfs (Bordoloi et al. 2014 ) and COS-GASS (Borthakur et al. 2015) are also being used to investigate the CGM of low-z halos. Other recent works focusing on the observation of the CGM include: Bordoloi et al. (2011) ; Kacprzak & Churchill (2011) ; Borthakur et al. (2013) ; Churchill et al. (2013) ; Nielsen et al. (2013) ; Kacprzak et al. (2015) ; Howk et al. (2017) ; Johnson et al. (2015 Johnson et al. ( , 2017 , at z ∼ 0 − 0.5 and e.g, Turner et al. (2014) at higher z.
The interpretation of the composition of the CGM based on a single metal ion is not straightforward. The determination of the distribution of mass, temperature, and density of the gas requires understanding of the ionization mechanism at work. Oxygen is collisionally ionized (CI, hereafter) to OVI between 10 5 K < T < 10 6 K, nearly independent of density. On the other hand, at lower densities and lower temperatures it may be produced by photoionization (PI, hereafter), once a hard external radiation field is present. Thus, OVI in the CGM can be a tracer of either collisionally-ionized warm/hot gas or photo-ionized cool gas (Werk et al. 2014; Stern et al. 2016; Faerman et al. 2017) . The former could have originated, for example, from feedback-driven galactic outflows (Mathews & Prochaska 2017) or from virial shock heating, and the latter could arise, e.g., from cold gas inflows (Stern et al. 2018) or from cooling of the warm-hot phase (Bordoloi et al. 2017) . Observers dispute which is the gas phase that dominates the CGM. On one hand, X-ray observations by XMM-Newton and Chandra found high column densities of OVII and OVIII, from emission and, although still controversial, from absorption lines within the spectrum of extremely bright QSOs (e.g Nicastro et al. 2002; Rasmussen et al. 2003) . These observations suggest the presence of extended massive warm/hot coronae. Also, extended X-ray line and continuum emission is observed in low-z galaxies (Anderson & Bregman 2011; Bogdán et al. 2013; Anderson et al. 2015) . These measurements trace the warm/hot CGM, where the high oxygen ions form mainly by CI. On the other hand, a detailed examination of the CGM absorption line profiles showed hints that cooler gas exists (Tripp et al. 2008; Thom & Chen 2008) where OVI would be produced by PI. Also, COS-Halos found that it is possible that a large fraction of the CGM gas mass is in a cool low ionization state. This cool gas appears to be in dense knots that are not in hydrostatic equilibrium with their surroundings (Werk et al. 2014 ). How such gas is supported is not well understood. A combined scenario of both a warm/hot and a cool CGM has been also proposed by Stocke et al. (2014) and Pachat et al. (2016) , who postulated that cool PI clouds can be embedded in a hotter more massive CI diffuse gas, based on OVI and Lyα absorption line detections.
Hydrodynamical simulations have been used to study the CGM properties, the OVI distribution, and to attempt to break the degeneracy concerning its production mechanism. Some simulations obtained an OVI column density (N OV I , hereafter) that is lower by an order of magnitude from the observed value (e.g., Hummels et al. 2013; Suresh et al. 2015) . Other simulations reveal better agreement with the observations (Stinson et al. 2012; Shen et al. 2013; Roca-Fàbrega et al. 2016; Ford et al. 2016; Colín et al. 2016; Oppenheimer et al. 2016; Gutcke et al. 2017; Suresh et al. 2017; Nelson et al. 2018) . Feedback efficiency was shown to play a key role in modifying the shape and normalization of the N OV I profile, due to its effect on the metal production (Rahmati et al. 2016) . Also it has been found that the total OVI mass and distribution depends on the feedback strength. Feedback strength determines the amount of warm/hot gas that is produced, and how much that generates OVI through CI. Simulations have also indicated that in low-mass halos the OVI is produced by PI more than in high-mass halos (Gutcke et al. 2017) . This result agrees with the theoretical framework proposed by Birnboim & Dekel (2003) where higher mass halos are able to generate a warm/hot CGM through virial shock heating while lower mass systems are dominated by cold/cool flows.
In this work we use two simulation suites to study the CGM as a function of redshift, halo mass, and distance from the halo center. In Sec. 2 we describe the simulation suites. In Sec. 3 and 4 we analyze properties of the CGM gas in simulations and we study the OVI distribution as function of halo mass, radius and redshift. The summary and conclusions are presented in Sec. 5.
We use two suites of simulations, VELA and NIHAO. VELA is run using the ART code (Kravtsov et al. 1997; Kravtsov 2003) and NIHAO using GASOLINE2 (Wadsley et al. 2017 ). Both of them obtain high resolution by zooming in on one halo at a time inside a fully cosmological box. In the following sections we describe the main properties of these simulations.
VELA
The first set of simulations we used is a subsample of 6 galaxies from the VELA suite. The entire VELA suite contains 35 halos with virial masses (M v ) 1 between 2×10 11 M and 2×10 12 M at z = 1. The VELA suite was obtained using the ART code (Kravtsov et al. 1997; Kravtsov 2003) , which follows the evolution of a gravitating N-body system and the Eulerian gas dynamics using an AMR approach. Beyond gravity and hydrodynamics, the code incorporates many of the physical processes relevant for galaxy formation. These processes, representing sub-grid physics, include gas cooling by atomic hydrogen, helium, metals, and molecular hydrogen, photoionization heating by a constant cosmological UV-background with partial self-shielding (self-shielding is applied when gas reaches a density of 0.1 cm −3 ), stochastic star formation and SN feedback, as described in (Ceverino & Klypin 2009; Ceverino et al. 2010 Ceverino et al. , 2014 . Star formation occurs only in regions with density above 1 cm −3 and T<10 4 K. In addition to thermal-energy supernova feedback the simulations incorporate radiative feedback. This model adds a non-thermal pressure, radiation pressure, to the total gas pressure in regions where ionizing photons from massive stars are produced and trapped. In these simulations the dark matter particle minimum mass is of 8.3×10 4 M , while the one of star particles is 10 3 M . The maximum spatial resolution is between 17−35 physical pc. All details about the VELA suite can be found in Ceverino et al. (2014); Zolotov et al. (2015) .
We selected our subsample according to its total virial mass and the final redshift the simulation reached. Here we only use halos that have been simulated down to z =1 and that have a final mass >5×10 11 M . This selection criteria derives from our interest in studying the variation of CGM properties both as function of redshift and virial mass around M crit . Once the halos become more massive than several times 10 11 M they show a transition from the cold flow regime to the shock-heated regime, i.e. a warm/hot gas corona is generated. Lower mass halos are dominated by cold flows at all-z as they do not generate virial shocks (Birnboim & Dekel 2003) . Properties of the six VELA runs used in this work are described in 
NIHAO
The second set of simulations we use in this work is a subsample of 18 galaxies from the NIHAO suite of simulations, consisting of 88 halos with a large mass range . The NIHAO simulations have been obtained using a revised version of the N-body SPH code GASOLINE, named ESF-gasoline2 Wadsley et al. 2017) . In these simulations the dark matter particle minimum mass ranges from 2.1×10 5 to 1.7×10 6 M , depending on the zoom-in model (see Wang et al. (2015) for a detailed discussion about spatial and mass resolution). The sub-grid physics recipes used include diffusion of metals as described in Wadsley et al. (2008) and cooling via hydrogen, helium, and various metal lines in a uniform ultraviolet ionizing background as described in Shen et al. (2010) and calculated using Cloudy (version 07. 02 Ferland et al. 1998) . No shielding is imposed. Star formation occurs when the gas temperature and density reach an imposed threshold. Fiducial thresholds used in NIHAO simulations are T<1.5×10 4 K and n>10.3 cm −3 . The supernova feedback follows the blast-wave formalism (Stinson et al. 2006) . To avoid overcooling, cooling is delayed for particles inside the blast region for ∼30 Myr. Also early stellar feedback by massive stars is used (Stinson et al. 2013) . A full description of sub-grid physics and the success of NIHAO simulations in reproducing observed galaxy properties can be found in Wang et al. (2015) and Dutton et al. (2017) (NIHAO XII). As a general result, star formation parameters and SN recipes used in NIHAO result in stronger feedback than VELA.
The selection criteria we used to select our subsample is the same as the one for VELA simulations. We have selected halos with a virial mass >5×10 11 M at z = 1. Unlike the VELA suite, all NIHAO runs reach z = 0. We also selected two halos with masses below M crit at z = 0, one with M v ∼10 11 M and another with M v ∼10 10 M . These models never develop a warm/hot CGM and they are used to be compared with results from more massive galaxies. The final subsample we used in this work contains 18 halos. Properties of the 18 halos at z = 1 and z = 0 are described in Table 2 .2.
CGM GAS PROPERTIES IN SIMULATIONS
In this section we analyze the spatial distribution and properties of CGM gas in the VELA and NIHAO simulations. We study the distribution in mass, volume, temperature, velocity, and metallicity space.
Definitions and initial considerations
Most figures show stacked results for each simulation suite. When stacking is not possible, we show results from two representative simulated galaxies, VELA07 (V07) and NIHAO g1.92e12 (N01), which have similar masses throughout their evolution from z = 4 to z = 1 2 . We address evolution with redshift by showing snapshots at z = 2.3 and z = 1 for the two simulation suites, as well as at z = 0 for NIHAO.
In accordance with previous works (Stern et al. 2016; Faerman et al. 2017) , we distinguish between the following three gas phases by temperature:
• Cold gas: T < 10 3.8 K • Cool gas: 10 3.8 K < T < 10 4.5 K • Warm/hot gas: 10 4.5 K < T < 10 6.5 K
OVI metal lines
In this paper we probe the CGM gas via analysis of the OVI ion. The OVI absorption/emission lines may be used to determine the total gas mass inside the virial radius both of external galaxies and the Milky Way. In this context it is important to know that the total gas mass derived from OVI observations is highly dependent on the process that produces oxygen ionization (see Sec. 1). In this section we summarize the ionization mechanisms that are involved in the production of OVI and describe the ionization model used to obtain OVI abundances from simulations. An extensive discussion about this topic can be found in Savage & Sembach (1991) .
Ionization mechanisms
As mentioned earlier, the CI and PI mechanisms compete to produce and destroy OVI ions, with the former dominating at high temperatures almost independent of density, and the latter dominating at low temperatures and densities once an adequate ionizing radiation field is present. An ionizing radiation field is included in the current simulations as a uniform metagalactic UV-background Haardt & Madau (2012) whose flux in the CGM depends only on redshift. VELA simulations include partial self-shielding to the UV radiation, in the densest regions. This partial self-shielding does not have a direct impact on the global properties of the CGM analyzed in this paper as the required density conditions mostly occur in the disk region and inside the well constrained CGM dense filaments/clumps environment.
Ionization model (Cloudy)
The production of ions is not implemented during processing of current simulations. To obtain the OVI ionization (either through CI or PI), we generated a set of Cloudy models (Ferland et al. 1998) . In these models we assume an optically thin medium filled by metagalactic radiation (Haardt & Madau 1996 , 2012 , CMB and cosmic rays (Ferland et al. 1998) . Using these Cloudy models we obtained the ionization fraction of oxygen ions as a function of temperature, density/ionization parameter and redshift (see Appendix 1 for more information about the Cloudy models). The two mechanisms operate on each one of the gas cells, however we distinguish gas cells where CI dominates from the ones where PI does. This is done based on the gas temperature, density and redshift. At low temperatures (T<10 4.5 K) PI is the only relevant ionization mechanism and ions are abundant at a specific density range set by the intensity of the metagalactic radiation field. At higher temperatures CI starts playing a role, and the ion fraction is independent of density. Regardless of temperature, at low density PI dominates the destruction of OVI through production of higher ions of oxygen.
Temperature-density distribution
In this section we focus on the distribution of temperature and density in the CGM gas and its evolution with z.
The cumulative distribution functions (CDF)
In Fig. 1 we show the mass-weighted (blue) and volumeweighted (red) mean cumulative gas distribution functions ( We first focus on the mass-weighted CDF (blue). In the mass-CDF plot three gas phases are present i.e., cold, cool and warm/hot. These phases are better differentiated at higher redshift and in VELA. In simulations presented here the cold component has a temperature below 10 4 K and never reaches values above 10% of the total mass. Cold and cool gas (T<10 4.5 K) is the more massive; above z =1 it contains between 50 and 70% of the total gas mass, both in NIHAO and VELA. Warm/hot gas with temperatures above 10 4.5 K contains a small fraction of the total mass at high-z and eventually includes about 50-80% at mid-low-z. The difference between the total warm/hot gas in VELA and NIHAO suggests a dependence on feedback strength (Birnboim & Dekel 2003; Kereš et al. 2005; Ceverino et al. 2014 ).
The volume-weighted temperature distribution shows only two well defined gas phases: a cold/cool phase that fills a tiny fraction of the total volume and a warm/hot phase that fills almost the entire volume. This result suggests that the cold/cool gas is mostly in compact dense regions and its nearby region while the warm/hot gas fills the entire CGM volume. This is true for the two suites of simulations and is almost independent of redshift.
As previously mentioned, the CGM gas mass distribution versus temperature in both the VELA and NIHAO runs changes with time. This evolution is driven by an increase of warm/hot gas mass in massive halos at low-z. In all simulations the cool gas mass remains constant or decreases slightly with decreasing z.
We note certain differences between VELA and NIHAO halos. First, the VELA halos have a cold gas component of 10% in mass already at z =2.3, while the NIHAO halos develop such a component only at lower redshifts. This difference can be attributed to the shelf-shielding of dense, cold gas in VELA from the UVB, or to the presence of early stellar feedback by massive stars in NIHAO. Another difference is that gas is depleted faster in VELA than in NIHAO. This is also a consequence of the self-shielding implementation. In NIHAO gas cools into the star forming region less efficiently due to heating by the UVB.
The emerging general picture is that there is a cold component in dense clumps and a cool component in inflowing streams that are embedded in a diffuse warm/hot component that is produced by outflows and virial shock heating, once the halos are massive enough at low-z (see Fig. 6 and 7 for gas distribution in real space). In VELA models a warm outflowing component is also present (see Ceverino et al. (2016) ). The contribution of each one of the gas components depends on redshift and halo mass. We compare Fig. 2 and 3 , so including and excluding the disk gas within 0.1 R v respectively. The NIHAO T-ρ figures show a component of hot and dense gas inside 0.1 R v . This is hot supernova ejecta in the delayed cooling regime assumed in NIHAO Stinson et al. (2015) ; this gas will mostly be excluded from our analysis together with all the gas within 0.1 R v . Variations in VELA are less evident; only cold high-density gas is removed from T-ρ(M g ) diagram when disk gas is not included. Differences on cold gas location in NIHAO and VELA derive from variations in the self-shielding recipe as discussed in Sec. 3.3.1.
Phase-space diagrams T−ρ
The cold and cool gas components contain most of the CGM gas mass at high and mid redshift, both in VELA and NIHAO, as seen in the CDF (Fig. 1) . The cool gas mass is distributed over a wide range of densities and it fills a small fraction of the volume. The cool gas seems to be located at the ends of isobaric cooling paths (grey dashed lines) of warmer gas with a wide range of densities. The gas cools efficiently down to T∼10 4 K, where the cooling curve drops. As the gas accumulates at T∼10 4 K and its density grows, self-shielding is turned on (in VELA) and slow metal cooling continues down to the cold phase (see further discussion in the following sections). The mass fraction in the warm/hot phase grows in time, more so in NIHAO. Most of the CGM volume is filled by this warm/hot gas component both in NIHAO and VELA. In almost all the VELA halos the distribution of warm/hot gas seems to follow isobaric lines. This result suggests that cooling from hot to warm gas probably occurs at constant pressure. The non-trivial presence of warm gas with short cooling times in the CGM of all of the simulations will be discussed below.
Spatial distribution
Fig. 6 and 7 display the spatial distribution of cool and warm/hot gas in V07 (top 4 panels) and N01 (bottom panels) at z =1.0. In the top-left panel of each set of four we show the corresponding T−ρ diagram. In the top-right and bottom panels we show the projected density in three orthogonal directions.
Cool gas
Fig. 6 presents the cool gas distribution in V07 (top) and N01 (bottom), at z =1.0. The cool gas is in filaments and flowing down to the disk. In V07 the filaments are broad and fill a large fraction of the CGM while in N01 the cool gas is in thin and clumpy filaments, filling a small fraction of the CGM. Filaments in N01 appear broader if we include gas at slightly higher temperatures. Fig. 7 shows the same as Fig. 6 but for the warm/hot gas component which fills the CGM volume in a much more homogeneous distribution than the cool gas. In NIHAO, we see the central hot dense component, as indicated in the phase-space diagram (Fig. 2) , resulting from the delayed cooling of the supernova remnant. This gas rapidly cools down when reaching larger distances in the CGM.
Warm/Hot gas
As indicated in the phase-space diagrams, NIHAO shows a denser warm/hot CGM than VELA. This arises from the stronger feedback and possibly less efficient cooling in NIHAO.
Metallicity distribution
The metallicity distribution in the CGM is important for determining the observability of specific ion lines and for the gas cooling. Fig. 8 shows the metallicity profile, mean and 1 sigma Figure 2 . T vs. ρ diagrams of the total gas mass (left) and volume (right), inside R v . Top row shows results after stacking the VELA runs at z =2.2. Bottom row shows the same as top but for the NIHAO runs at z =2.3. Colors show the mass/volume fraction inside a temperature-density cell of 0.1×0.1 dex. Diagonal gray dashed lines show isobaric evolution. Horizontal lines show transitions between gas phases: cold to cool in green and cool to warm/hot in red. In this figure differences between the two simulation techniques are apparent (e.g., a density limit on the UV-background heating is imposed in VELA to account for self-shielding but not in NIHAO, or, a delayed cooling gas phase in present in NIHAO but not in VELA.
dispersion of the mean, for the two simulation suites. The left panel of Fig. 9 shows the mass-weighted stacked metallicity in the T-ρ diagram, and the right panel shows the corresponding radial velocity. Fig. 10 displays the mass-weighted average metallicity projected along lines of sight parallel to an arbitrary axis for V07 and N01, and for the three gas components at z=1. Finally, Fig. 11 and 12 show by color the distributions of gas metallicity and mass in the plane of radial velocity V r versus radius R/R v , stacked for the VELA and NIHAO haloes and for the two gas components at the different redshifts.
3.5.1 Metallicity in VELA Fig. 11 shows that the cool gas phase has a smaller range of velocities than the warm/hot phase at all radii inside R v . The cool gas has a lower metallicity than the warm/hot component, independent of z. The cool gas component shows a metallicity-enriched structure at low radius, spanning the whole range of radial velocity. This central metallicity-enriched structure is the only cool gas feature that evolves with z; metallicity enriched cool gas reaches higher radii at lower redshift, following the increased levels of star formation and feedback that peak at around z =1. Cool gas with low metallicity and negative radial velocities is seen at large radii, reflecting inflowing cold streams of relatively fresh gas.
Unlike cool gas, the warm/hot gas phase evolves strongly with z. The warm/hot gas phase spans a larger range of radial velocities and metallicities at low-z than at mid-highz. This is consistent with stronger outflows at low-z that pollute the CGM and generate a warm/hot gas corona. We identify a warm/hot component with low metallicity and low radial velocity (dark blue), which at high-z penetrates to small radii. This might have been pushed inwards by the inflowing cool gas. The kinematics will be discussed further in Sec. 3.6.
From the profiles in Fig. 8 we learn that at all redshifts, at radii larger than ∼0.3 R v , the metallicity is lower for the cool gas than in the warm/hot gas. Below ∼0.3 R v the metallicity is similar for both components, and only below 0.1 R v is close to solar. The slope of the metallicity profile is marginally redshift dependent; we can see that at high redshift it decreases slightly with radius (outside the disk region), while at z = 1 this decrease is more evident, with a steeper decreasing slope for the cool gas component.
Returning to the phase-space diagram in Fig. 9 (top-left panel), one can envision how feedback from the galaxy heats enriched gas from the cold phase into the cool, warm, and finally hot phase, following the lines of constant pressure. One can also envision that low metallicity gas enters the halo from the IGM as gas of low density and low temperature (middle-left region of the T−ρ diagram). Part of this inflowing gas is heated and mixed with the warm/hot gas phase and part inflows into the disk as it cools further.
The maps in Fig. 10 illustrate again that the cold component tends to be enriched disk gas. Both the cool and the warm/hot components tend to be metal rich in the central regions, where they are contaminated by supernova feedback. In contrast, both components are more metal poor in the outer regions, where they are inflowing from or mixed with the IGM. 
Metallicity in NIHAO
The global metallicity features in the NIHAO simulations are similar to the ones shown in VELA, with minor differences due to variations in the feedback recipes. Fig. 12 illustrates that at high redshift the cool gas component is more massive and resides at a lower radius compared to the warm/hot gas. We observe that at low-z the warm/hot gas mass increases and also becomes more uniformly distributed in radius throughout the CGM. Warm/hot gas evolution reflects the generation of a warm/hot CGM due to the effects of a virial shock, in addition to the fact that outflowing gas is no longer able to escape to the IGM. The cool gas easily penetrates down to the disk, at least at high-z, that is, when no warm/hot gas corona has been developed. At lower-z, only dense clumps/satellites are able to reach disk regions after crossing the warm/hot CGM. The metallicity of inflowing cool gas also changes with z.
At high-z we observe cool gas with low metallicity almost reaching the disk regions. At lower-z there is almost no low-metallicity cool gas penetrating to the CGM region from the IGM (see Sec. 4.3 for a more detailed discussion about cool gas penetration at R v ). In the disk region a metallicity enhanced cool gas component is always present. This cool metallicity enhanced gas is produced by the inflowing gas from the IGM (low metallicity) cooling after being metallicity enhanced by warmer gas from the CGM, or gas from the cold gas disk which is heated by SN interactions. As expected, the highest metallicity gas in the CGM is found in the fast warm/hot outflows of SNe.
In Fig. 8 , bottom panels, we show metallicity as function of radius in NIHAO galaxies at z =2.3 (left), z =1.0 (middle) and z =0.0 (right). Both cool (green) and warm/hot gas (red) show a similar metallicity profile at high-z. Metallicity at high-z decreases with radius, something that is expected in systems with strong inflow from the IGM. At lower-z, the mean metallicity is higher and the profile is flatter. Flattening of the metallicity distribution with z is expected if the warm/hot CGM is shielded from cool inflows by virial shocks. The cool gas is a mixture of infalling low-metallicity gas and cooling/heating high-metallicity gas; at low-z inflows are less efficient at transporting fresh low-metallicity gas to the inner regions, and as a consequence the cool gas is metallicity enhanced. The high-metallicity cool gas region also expands towards higher R at lower redshift.
Metallicity in NIHAO vs. in VELA
We compare the NIHAO T−ρ metallicity plane with VELA in Fig 9 . Low metallicity gas in the VELA simulations is mostly in the cool regime while in NIHAO it is in a warmer phase (log T ∼ 5.5). In both simulation suites lowmetallicity gas mixes with warmer, metallicity enhanced gas and later cools down to a colder phase, where it remains until the density is high enough to cool down again to the cold disk temperature. The warm/hot gas distribution is also different in the NIHAO and VELA suites. In VELA, gas is heated up and metallicity enhanced by SNe to a very hot gas phase and expelled to the CGM. Later, it cools down at roughly constant pressure while mixing with lower-metallicity gas already present in the CGM. In NIHAO, gas is heated up to a dense-hot gas phase (delayed cooling), is released to the CGM and finally expands and cools down in a non-isobaric process.
Kinematics

Gas kinematics in VELA
The V r −R diagrams, colored by mass (Fig. 11, right) , show that at high-z most of the cool gas is inflowing into the disk region. When analyzing these diagrams individually we see that at z ∼1 there is less inflowing cool gas than at higher-z. The cool gas at low-z mostly resides in the central region of the CGM and has zero or low outflowing radial velocity. The low-velocity and/or outflowing cool gas is produced by cooling from the warm CGM and/or heating from the cold disk by SNe. The warm/hot gas shows an asymmetric distribution about V r =0 and towards outflowing velocities, at all radii. The warm/hot gas with V r <0 is low-metallicity gas that reaches the disk region only at high-z. This component can be produced by mixing with cooler low-metallicity inflows. This interpretation is consistent with the general picture of cold inflows penetrating only to the outer halo at low-z, once a warm/hot corona is generated. The warm/hot gas velocity distribution shows a clear evolution with redshift. At lower redshift, the outflowing velocities are higher and gas is able to reach escape velocity bringing warm/hot and metallicity enhanced gas to the IGM. At higher redshift, only a small fraction of gas is able to reach escape velocity due to the less intense SN feedback. When analyzing non-stacked figures (not presented in this paper) we also observe inflowing and outflowing metallicity-rich clumps that are confined to specific radii. These structures are minor mergers of gas rich satellites.
From V r in the T−ρ plane (Fig. 9, top) , at z =1.0 we learn that the hotter gas has higher outflow velocities. This is gas that was ejected from the disk by supernova feedback, and will either cool, slow down, and remain in the CGM or eventually escape to the IGM. We also observe that the inflowing gas is mainly cool gas in the VELA simulations and somewhat warmer in the NIHAO runs. This warm/cool inflowing gas is a combination of gas from the IGM through cold flows and gas that cools down from the warm/hot phase.
Gas kinematics in NIHAO
The V r −R diagrams from the NIHAO simulations (Fig. 12) clearly show how cool gas enters to the CGM through filaments or clumps. These cool flows are more clumpy in Figure 6 . Cool gas mass distribution in V07 (top four panels) and N01 (bottom panels) at z =1. In each set of 4 panels we show three orthogonal density projections in the coordinates space of all gas within 1.5 R v (top-right and bottom panels) and the corresponding T−ρ diagram (top-left panel). Colors show projected gas density/gas mass. Dotted circles indicate 0.1 R v and R v , respectively.
NIHAO than in VELA. Like in VELA, inflows are more efficient at high-z at bringing the cool gas to the center of the galaxy. The warm/hot outflows reach lower radial velocities at lower redshift; at z =0 gas cannot escape and is kept within the CGM. Energy and metals from the low-z outflows remain in the CGM and generate the warm/hot corona.
From V r in the T−ρ plane (Fig. 9, bottom) , at z =1.0 differences between the feedback recipes in VELA and NIHAO can be seen. The basic difference is that in the NIHAO simulations there is no hot/low-density outflowing gas as it is in the delayed cooling regime and very close to the disk. On the other hand, kinematics of the warm and cool gas are similar in both VELA and NIHAO. 
Gas origin
In the SPH-type NIHAO simulations it is straightforward to trace the gas particles back in time to reveal their origin and flows in to and out of the CGM. In Appendix B we show a set of temporal-radial trajectories of randomly selected SPH particles from N01 (Fig. B1) . We show in each panel the radial evolution of particles which end up in each different phase at z =0. The thermal evolution of each gas particle is tracked using line colors. The results are as follows:
• The cold gas has two different origins: instreaming from the IGM and cooling from the warm CGM. Gas that comes straight from the IGM is heated up by the interaction with the warm/hot CGM; this heating is stronger at low redshift when a warm/hot CGM corona has been produced. Cold gas is mainly located in the galactic disk.
• The cool gas is either gas from the disk that was heated up by stellar feedback and later on cooled back down or gas that instreams from the IGM/CGM for the first time. This gas spans a large range of radii as it is located both in the disk, infalling through filaments/gas clumps and in the IGM.
• The warm gas (10 4 .5 <T<10 6 K) is almost always gas that was cooled down from hot gas in the CGM or IGM. This gas resides mainly in the CGM. A tiny fraction of this gas has been heated from cool gas to a higher temperature by SN feedback.
• The hot gas, like the cold and the cool gas, has a bimodal origin: a fraction comes from cold/cool gas that has been heated up by stellar feedback in the disk and the remaining is CGM/IGM gas that has been heated up at the virial radius by the virial shock. The fraction of gas that has been heated by each of the two mechanisms depends on redshift.
For the ∼10 12 M NIHAO halos, we find that 41% of the IGM gas that was located within (1−5) R v at z = 4 entered the CGM inside R v by z =0. From this gas, 40% remained in the CGM, 27.5% returned to the IGM as hot outflows, 12.5% entered the disk and remained there, and 20% entered the disk and then returned to the CGM as hot, metal-rich outflows.
A fraction of 8.1% of the original IGM gas entered the disk once and was ejected once. Of this gas, 20% remained in the CGM, 18% escaped from the halo, mostly at high z , and 62% fell back to the disk. From the latter, 44% remained in the disk till z = 0.
A fraction of 2.8% of the original IGM gas recycled twice (two entries to the disc and two ejections), and less than 1% recycled three times.
OVI DISTRIBUTION
We now study the spatial, density and temperature distributions of OVI in the NIHAO and VELA simulations. We also investigate the dominant ionization mechanism as function of radius, redshift and halo mass. To undertake this analysis we need to obtain the OVI fraction produced in simulations. In Sec. 3.2.2 we have described the ionization model we use to get the OVI fraction from total oxygen mass. It is important to mention that from VELA simulations only information about alpha (SNe type II) and iron peak elements (SNe type Ia) is provided. As a consequence, we needed to make additional assumptions on the metallicity distribution to get the final OVI mass. So, we assume that all mass from SNe type II is in oxygen. This is not a very strong assumption as oxygen is the most abundant element produced by SNII (Thielemann et al. 1996) . In NIHAO the oxygen abundance is automatically obtained in the simulation. Given an oxygen mass we can easily get the OVI fraction using Cloudy models (Ferland et al. 1998) , assuming a HM12 background radiation field. Fig. 13 shows the total gas mass and the OVI gas mass fractions per bin in the T−ρ space. The two mechanisms of oxygen ionization coexist at all redshift in both models. Collisional ionization dominates at T 3 × 10 5 K, spanning a large range of densities. Photoionization dominates in warm or cool gas (T < 3 × 10 5 K) and in the low density region where the ionization parameter is high enough. The Figure 9 . Stacked Z/Z (left) and V r (right) in the T-ρ space for the VELA simulations (top row) and the NIHAO simulations (bottom row), at z =1.0. Diagonal gray dashed lines show isobaric evolution. Green and red horizontal dot-dashed lines indicate the transition between cold/cool and cool-warm/hot gas phases, respectively. Only properties of gas in the CGM (i.e., 0.1 R v −1.0 R v ) are shown.
OVI in the T−ρ space
dominant mechanism depends on redshift, both in the NIHAO and the VELA suites.
We note that the feedback dependent structures discussed in Sec. 3.3 (cool-cold gas transition, and hot gas from delayed cooling) have no impact in our analysis of the OVI in the CGM. The cool-cold gas transition takes place at high density gas, where the photoionization parameter is not high enough for OVI to be produced. The delayed cooling gas component corresponds to less than 1% of the total gas mass within R v and is mainly located in the disk region (0.1 R v ).
Redshift-mass dependence
Fig. 14 illustrates the collisionally ionized (CI) OVI mass fraction as function of redshift. We show results for fixed halo mass bins at each redshift as opposed to following the galaxies as their mass grows in time.
Mass dependence
The dominant ionization mechanism strongly depends on the halo virial mass. CI is systematically less dominant in lower mass systems at z < 3. This result is expected as low mass (M 10 11 M ) galaxies are surrounded by a cooler CGM that is dominated by inflows through filaments or cold/cool clumps. More massive galaxies develop warm/hot coronae through virial shocks. However, at intermediate halo masses, with M in the range of 10 11 − 10 12 M , the CGM may be at temperatures just below the OVI CIE peak, and the metagalactic radiation creates OVI in the warm gas (see z = 0 panel at Fig. 13 ). In the more massive systems (M > 10 12 M ), the OVI production is dominated by collisional ionization. At high-z (z > 3) where the UV radiation field vanishes, the mass dependence disappears and CI is the single ionization mechanism. This is a consequence of the low UVB at high-z and the fact that metals are located only in warm/hot gas outflows driven by SNe. At high-z there are almost no metals in the cool gas as it has not yet been polluted by SNe. This result agrees with that obtained by (Gutcke et al. 2017) from NIHAO simulations at z =0.
Redshift dependence
For fixed halo mass (colored solid lines in Fig. 14) we see that the dominant ionization mechanism depends on redshift. For halos above 10 11 M the PI fraction peaks at about z∼1.5. This is a result of both the UV background flux peak at z ∼ 2, and that at this time cool gas coming from the IGM has already been enriched by metals through galactic outflows. At lower-z the OVI PI production de- creases again, following the decrease of the UV-background intensity and due to the inefficiency of cold flows at bringing fresh cool gas into the warm/hot halos of massive galaxies. For low mass halos (M < 10 11 M ) PI remains dominant down to z =0. This last situation is a consequence of the fact that small halos never develop a hot CGM and in addition that cool gas at low-z has already been enhanced by metals.
Model dependence and missing physical processes
There is a qualitative agreement in the mass and redshift dependence of the photoionization mechanism in the VELA and the NIHAO suites. However, there is a quantitative difference, which is that the VELA OVI-CI profiles seem to be delayed compared to results from the NIHAO simulations. This difference may be a consequence of using different physical prescriptions (e.g. feedback or self-shielding) in each set of models. We suggest that the redshift of the peak in the OVI PI fraction can be used as a test of the feedback models adopted in simulations.
Some known physical processes are neither included in the simulations or in our analysis. One process that can play a role in the ionization of OVI in the CGM is the emission of galactic UV photons from star forming regions (Cantalupo 2010; Kannan et al. 2014; Vasiliev et al. 2015) . Energetic radiation from the galaxy can contribute to PI in the central regions of the halo (see Sternberg et al. 2002 ). This will depend on the number and distribution of sources emitting photons with E>100 eV, the escape fraction of photons from the galactic disk and the properties of AGN activity (see Oppenheimer et al. 2018) . The peak of star formation occurs at z ∼1, similar to the peak of the metagalactic UVB, and it is more important in high mass galaxies, so we expect that this new source of photons will have a small impact in the general mass-redshift dependence presented in this paper. The addition of this new source of UV photons might also lead to a significant destruction of the OVI in the inner CGM region of galaxies with high star formation rate.
Radial dependence
In Fig. 15 we show the OVI-CI fraction (as defined in Fig. 14) , as a function of log R/R v . We show the results in three different redshift bins according to the general PI/CI regimes observed in Fig. 14 . We have found that at all redshift and halo masses PI has a higher contribution to the OVI production at larger radii. It is at large radii where we expect warm/hot gas at lower densities and temperatures (below the CIE OVI peak temperature of ∼ 3 × 10 5 K), or inflows of cool gas. At high-z CI dominates Figure 13 . Total gas mass and the OVI mass fractions per bin in T−ρ space. We have used bins of 0.1 dex both in density and temperature. In color we show the gas mass fraction. Black solid lines are cumulative OVI mass fraction contours. Black-white thick dot-dashed line shows the transition between OVI produced by photoionization (below) and collisional ionization (above). Horizontal dot-dashed lines indicate the transition temperature between different gas phases: cold to cool in green, cool to warm/hot in red. Dashed gray diagonal lines show isobaric evolution. Top panels show stacked results from the VELA set at z =2.2 (left) and 1.0 (right). Bottom panels show results from the NIHAO set at z =2.3 (left), 1.0 (middle) and 0.0 (right). We show only gas in the CGM (i.e., 0.1−1.0 R v ).
in the inner regions independently of halo mass, and in higher mass systems CI is dominant up to larger radii. This result supports the existence of a correlation between outflow strength and halo mass. Stronger outflows are able to bring hot gas and metals from the disk farther inside the CGM and also to pollute the IGM. At intermediate z, PI dominance extends from the CGM outskirts down to the inner regions, both in the VELA and the NIHAO suites. At low-z in high-mass systems CI dominates to larger radii due to the presence of a virial shock and a lower cool gas accretion rate. An important result from Fig. 15 , 12, 11 and 10 is that although a virial shock is produced, warmhot CGM does not extend up to R v in all directions, i.e. the virial shock is not located at a constant R. The CI/PI co-dominance at low-z is a consequence of the fact that cool gas is still able to penetrate to R<R v , pushing the virial shock to lower radii in specific locations. Penetration of cool gas depends on the accretion rate (redshift dependence) and also on the warm-hot CGM temperature and density, i.e, outflows (redshift, halo mass and code dependence).
SUMMARY AND CONCLUSIONS
In this work we study properties of CGM gas in two sets of simulations obtained using different codes and stellar feedback recipes, the VELA and the NIHAO suites. We focus our analysis on the mass-redshift dependence of the ionization mechanism that produces the OVI observed in the CGM. We note that collisional ionization of OVI occurs in gas at T ∼ 3 × 10 5 K (see Fig.A2 ). Photoionized OVI can originate both in cool or warm gas, as shown by the black contours in Fig. 13 .
The main results are:
• Redshift dependence: The OVI ionization mechanism depends strongly on redshift. At high-z (z > 2−3) collisions dominate due to a low flux of the ionizing UVbackground and low metallicity of cool gas. At lower red- shifts photoionization becomes more important as the UVbackground flux peaks at z ∼ 2, and cool/warm gas inflows from the IGM are enhanced by metals from outflows. At lower redshift, collisional ionization becomes important again, especially for high mass systems. The increase in the CI OVI fraction at low-z is a consequence of both a decrease in the metagalactic UV-background intensity and the lower efficiency of inflows which bring fresh cool gas into the warm/hot gas halos of massive galaxies. Systems with 10 11 M < M < 10 12 M , develop a warm CGM and at z ∼ 0, OVI is created both by collisions and photoionization of the warm gas. Low mass systems (M < 10 11 M ) show a different behavior at low-z: they do not develop a hot CGM and in addition cool gas at low-z is already enhanced by metals, so PI remains dominant.
• Mass dependence: We confirm that the dominance of an ionization mechanism also depends on the halo mass. This result was previously found by Gutcke et al. (2017) when analysing halos at z =0, and in this work we extend this analysis to higher redshift. We find that low mass halos, which do not develop a warm/hot corona (M < 10 11 M ), are dominated by photoionization from z =1−1.5 down to z =0. In systems with higher halo mass, gas is heated by accretion shocks and a warm/hot CGM is formed. The warm/hot gas corona is able to slow down or stop the accretion of fresh cool/warm gas and also keeps hot metallic outflows in the CGM. As a consequence, higher mass halos show higher dominance of collisional ionization in the CGM at low-z.
• Radial dependence: We observe a radial dependence on the dominant OVI ionization mechanism. In general, CI is more significant in the central regions while PI is more dominant in the CGM outskirts. The PI is marginally dominant in the outskirts even in high-mass systems at low-z. This result may be explained by the existence of warm gas with T < 3 × 10 5 K, or the presence of low-density cool gas inflows that are able to push the virial shock to lower radii. Penetration of inflowing gas will depend on the accretion rate and also on the outflow strength.
• Feedback dependence: Although the general behavior of the dominant ionization mechanism as function of redshift and halo mass is similar in VELA and NIHAO, the radial distribution, location in redshift of the peak photoionization fraction and the absolute values of the OVI collisional ionization fraction will strongly depend on feedback recipes used in simulations. The OVI collisional ionization fraction profile, both in redshift and radius, can be used as a new theoretical/observational constraint on the feedback recipes used in simulations.
• Origin of the CGM gas: We have studied the origin of CGM gas in the NIHAO SPH simulations and we have found that it is not unique. We have seen that each gas phase shows different origins. Interestingly, warm gas can be produced either by cooling of CGM hot gas, by SN heating of disk cold gas, or by inflowing shock heated IGM gas. Cool gas on the other hand can be fresh gas infalling from the CGM in clumps and through filaments, gas from the disk that was heated up by stellar feedback and later on cooled down again, or gas that was heated by the virial shock and cooled down from the IGM/CGM warm/hot gas for the first time. Figure A1 . OV (black), OVI (red) and OVII (blue) abundances as function of gas density / ionization parameter U, for metagalactic radiation evaluated at z =0.5. Solid lines are results when both collisional ionization and photoionization by a metagalactic UVB are present. Horizontal dashed lines are oxygen ion abundances when there is only collisional ionization. Panels show evolution of ionization fraction with gas temperature (see bottomright labels). Abundances have been obtained using Cloudy software. (Ferland et al. 1998 ).
APPENDIX A: APPENDIX A: CLOUDY MODELS
In this work we use a set of Cloudy models (Ferland et al. 1998 ) to get OV, OVI and OVII abundances. We selected parameters for heating, cooling and ionization that are close to typical values in the observed CGM. First, we assumed that the CGM is optically thin. This is a good approach as in general CGM gas has low density. Second, we used a Haardt & Madau (2012) radiation field as a source of ionizing photons. This is also a reasonable assumption as the dominant source of UV ionizing photons far from galactic disks is the metagalactic radiation field. To the UV metagalactic radiation field we added radiation from CMB and cosmic rays. The intensities and profiles of these radiation fields are all redshift dependent. To account for this redshift dependence we generated models for a grid of redshifts from z =0 to z =5. Summarizing, we computed ion fractions in a grid of redshift, gas density and temperature for a single thin layer of gas (0.001 pc) embedded into a UV-CMB-cosmic rays metagalactic radiation field.
OV, OVI and OVI abundances as function of density / ionization parameter U, at z =0.5, are shown in Fig. A1 . In this figure we show the effects of collisional ionization and photo-ionization on the production/destruction of oxygen ions. At low temperatures production/destruction of ions is only by photoionization. At higher densities the radiation field is able to produce mainly low ions. At lower densities higher energy photons are able to produce higher ionization and thereby reduce abundances of lower ionization states. OVI abundance saturates at a value of about 0.2−0.3. When temperature increases, collisions start to play a role in ion production, first of OV and later of higher ions. At higher temperatures, CI becomes a mechanism to destroy low ionization states in favor of higher ionization. OVI also saturates at a value of about 0.2 due to CI. Limits on oxygen ion abundances at low densities are always set by PI.
We also studied redshift evolution of the ionization curves (figures not shown here). There we observe that ionic abundance profiles follow the evolution of the metagalactic UV radiation field. The intensity of UV radiation peaks at around z =2, and is lower at both higher and lower redshifts. As a consequence, the low density limit for ionization is lower at both high and low redshift.
In Fig. A2 we show the production of OVI in the T−ρ space computed using Cloudy 17 and an HM12 radiation field at z=0, 1.0 and 2.0. This plot is useful to understand results shown in Fig.13. 
APPENDIX B: APPENDIX B: PARTICLES MOTION IN NIHAO
In this Appendix we show an example of tracing NIHAO SPH particles back in time.
In Fig. B1 we show the evolution of SPH particle positions as function of redshift. In each panel we show the evolution of particles that end up in cold, cool, warm, hot and delayed cooling regimes at z =0. Particles have been randomly selected in multiple Monte-Carlo realizations at z =0 from SPH particles in the N01 simulation. Each solid line corresponds to a single trajectory of an SPH gas particle. Lines are colored by temperature. The evolution of each gas particle through temperature phase can easily be tracked using line colors: blue is cold, green/yellow is cool, orange/light-red is warm and dark-red is hot. From top left to bottom right we show particles that end up in cold, cool, warm, hot or delayed cooling phases. The top-left panel shows trajectories of particles randomly selected from the entire sample, with no temperature cut applied in this panel. Unlike all other plots shown in this paper, here we look at warm and hot gas independently. This decision was taken in order to find differences on its origin. The black dashed curve shows the evolution of the virial radius with redshift. The black dot-dashed line indicates the position of the disk region defined as 0.1 R v . Figure A2 . OVI production as function of mass, temperature, and gas density computed using Cloudy 17 and assuming an HM12 radiation field. In color we show the OVI mass fraction. Black solid lines are OVI mass fraction contours. From top to bottom, results shown at z=2, z=1 and z=0. This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure B1 . Redshift trajectories of SPH gas particles in the time−distance (to the galactic center) space. We show results from the N01 simulation. Each line shows the evolution of a single randomly selected SPH particle. Line colors indicate gas particle temperature. We show the evolution of all particles (top-left panel) and of particles that at z =0 are in cold, cool, warm, hot and delayed cooling phase (from top-left to bottom-right panels). The black dashed line shows R v evolution. The black dot-dashed line indicates the disk region evolution defined as 0.1 R v . In this figure we can see the different origin of each gas phase at z =0. We can also see the temperature evolution and how it depends on its position inside the galactic halo.
